We provide a comparative study of the Higgs boson mass measurements based on two approaches to the dileptonic decay of W bosons produced by the Higgs boson decay, one using the kinematic variable M true T and the other using the M T 2 -assisted on-shell reconstruction of the invisible neutrino momenta. We find that these two approaches can determine the Higgs boson mass with a similar accuracy for both of the two main production mechanisms of the SM Higgs boson at the LHC, i.e. the gluon-gluon fusion and the weak vector boson fusion. We also notice that the Higgs signal distribution for the gluon-gluon fusion becomes narrower under the M T 2 cut, while the corresponding background distribution becomes flatter, indicating that one might be able to reduce the systematic uncertainties of mass measurement with an appropriate M T 2 cut.
Introduction
The utmost target of the LHC is to discover the Higgs boson and study its fundamental properties to establish the mechanism of electroweak symmetry breaking as the origin of particle masses [1, 2] . The unsuccessful search at the LEP experiment set a lower bound on the standard model (SM) Higgs mass at 114.4 GeV (95 % C.L.) [3] , while the analysis of the electroweak precision data indicates a relatively light SM Higgs boson with m H < ∼ 185 GeV at the 95 % confidence level [4] . Combined with the recent Tevatron search excluding 158 GeV ≤ m H ≤ 175 GeV [5] , we anticipate that the SM Higgs boson most probably lies in the mass range between 114.4 GeV and 158 GeV.
At the LHC, the Higgs boson is mainly produced by the gluon-gluon fusion (GGF) mechanism, and the second most important source is the weak vector boson fusion (VBF) process [6, 7] . While the production cross section of GGF is about 10 times larger than that of VBF for the Higgs mass region 114. 4 GeV ≤ m H ≤ 170 GeV, VBF has its advantage in a kinematic structure containing two forwarding tagging jets with a large rapidity gap, which can be exploited to isolate the Higgs boson signal from backgrounds and to study the signal properties [8] [9] [10] .
The specific search strategy of the Higgs boson at the LHC depends on its mass and decay pattern. According to the combined study on the expected Higgs discovery significance at ATLAS with 10 fb −1 luminosity [1] , when the Higgs boson is lighter than 130 GeV, the main search channel is GGF with the Higgs boson decaying into two tau leptons or into two photons. On the other hand, for 130 GeV < ∼ m H < ∼ 150 GeV, the following three channels are available with a similar significance: (i) GGF with the Higgs boson decaying into two Z bosons which subsequently decay into four charged leptons, (ii) GGF with the Higgs boson decaying into two W bosons, which subsequently decay into two charged leptons and two neutrinos, and (iii) VBF with the Higgs boson decaying into two W bosons, which subsequently decay into two charged leptons and two neutrinos. Finally, for 150 GeV < ∼ m H < ∼ 190 GeV, Higgs boson decay into two Z bosons is relatively suppressed, while channels (ii) and (iii) remain as the dominant search channels [11] . Therefore, dileptonic W boson decays play a crucial role in the Higgs boson search at the LHC when the Higgs boson weighs between 130 GeV and 190 GeV. Furthermore, if one can improve the efficiency of dileptonic channels, they might play an important role even for m H lighter than 130 GeV.
In dileptonic W boson decays, there are two invisible neutrinos which make a direct reconstruction of the Higgs boson mass impossible. To overcome this difficulty, one can consider various kind of transverse mass variables.
* A well-known example is the transverse mass of a W boson pair in the process H → W W → ℓνℓ ′ ν ′ (ℓ, ℓ ′ = e, µ and ν, ν ′ = ν e , ν µ ):
This M T 2 has an endpoint at m H /2 when m H ≤ 2m W [18] , suggesting that M T 2 also might be useful for the Higgs boson mass measurement.
In fact, with M T 2 and additional on-shell constraints, one can approximately reconstruct the invisible particle 4-momenta in each event [19] . This method of "M T 2 -assistedon-shell (MAOS) reconstruction" of invisible particle momenta has been applied to the [18] in order to examine the invariant mass variable (m
where k maos and l maos are the reconstructed neutrino 4-momenta. It was then argued that the distribution of this MAOS Higgs mass exhibits a peak at the true Higgs boson mass. Furthermore, the reconstructed MAOS momenta k maos and l maos are closer to the true neutrino momenta for the events near the upper endpoint of M T 2 . As a result, the m to find the upper bound
Although the above relation is derived for the specific event set with vanishing Higgs transverse momentum, it is likely that the same upper bound applies for generic Higgs boson events with nonvanishing Higgs boson transverse momentum. We found through numerical analysis that it is indeed the case and the inequality M T 2 ≤ m H /2 remains true for generic dileptonic Higgs boson events
[See the later discussion of the inequality between M T 2 and M true T in Eq. (21) .] On the other hand, in the case that both W bosons are on shell, M T 2 is bounded by m W . Combining this with (13) , one may find that the M T 2 of the Higgs boson decay is bounded by [18] 
implying that M T 2 can provide information on the Higgs boson mass through its endpoint.
true T , and M T 2 in dileptonic W boson decays, there has been a proposal to reconstruct an invariant mass by using the MAOS reconstruction of the two neutrino momenta [18] . In MAOS reconstruction, the transverse momenta are defined as the ones that determine the value of M T 2 , i.e.
while the longitudinal and energy components are obtained from the following constraints ‡ :
It was noticed that the MAOS 4-momenta determined as the solutions of (15) and (16) provide a reasonable approximation to the true neutrino 4-momenta, and they become closer to the true momenta for the near-endpoint events in the M T 2 distribution [18, 19] . Then the distribution of the following invariant mass (≡ MAOS Higgs boson mass),
exhibits a peak at the true Higgs boson mass, and the peak shape becomes narrower if one imposes an event cut selecting the events near the endpoint of M T 2 . Although such an M T 2 cut can cause the m maos H distribution to have a resonance peak at m H and also might eliminate some of the backgrounds, it can also sacrifice the number of the Higgs ‡ Note that one could use m W instead of M T 2 in the second constraints if both of the W bosons are on shell. Our scheme to use M T 2 can be applicable irrespective of whether the W bosons are on shell or off shell.
signal, thus worsening the statistical significance of the mass measurement. Therefore for a given luminosity a careful analysis is required to see if the efficiency of the Higgs mass measurement can be improved by a proper M T 2 cut.
To proceed, let us consider a specific set of events for which the W boson pair has a small transverse momentum: p W W T ≈ 0. Although it does not cover the full event set, this subset of events reveal some of the essential features of the kinematic variables under discussion. For those events with small p
W W T
, we have
and then the following simple expressions of M T 2 and MAOS momenta are available [18, 19] :
With these expressions of M T 2 and MAOS momenta, it is straightforward to find
Since are bounded below by 2M T 2 , and therefore
Although the above inequalities between M T 2 , M true T and m maos H could be derived analytically only for the events with p W W T = 0, we find numerically that they hold true also for the events with p W W T = 0. In Fig. 1 (left panel), we show the distributions of these three kinematic variables for the true Higgs mass m H = 160 GeV. Here we use the Higgs boson events produced by the GGF process at the LHC, while incorporating the detector effects with the fast detector simulation program PGS4 [21] . is more efficient for the determination of m H . In the next two sections, we perform such an analysis for both the GGF Higgs production (Sec. 3) and the VBF Higgs production (Sec. 4) at the LHC.
Measuring the Higgs boson mass in GGF
In this section, we consider the SM Higgs boson production at the LHC through the GGF process and its decay into two leptonically decaying W bosons. To investigate the experimental performance of m maos H and M true T , we use the PYTHIA6.4 event generator [22] at the proton-proton center-of-mass energy of 14 TeV. The generated events have been further processed through the fast detector simulation program PGS4 [21] to incorporate the detector effects with reasonable efficiencies and fake rates. The dominant background comes from the continuum, gg → W W → lνl ′ ν ′ process, and we also include the tt background in which the two top quarks decay into a pair of W bosons and two b jets. For the details of the MC event samples of the SM Higgs boson signal and the two main backgrounds, and also the employed event selection cuts, we refer to Ref. [18] .
In Fig. 1 , we show the m 
We use the same event samples at the detector level as in Ref. [18] but do not apply the event selection cuts other than the M T 2 cut. First we note that the M true T distribution is bounded above by m H = 160 GeV, while the m maos H distribution is peaked around it, as noticed in the discussion of the previous section. Under an M T 2 cut, both distributions are bounded from below by 2 (M T 2 ) cut = 120 GeV with a rather good approximation, which can be understood by the inequalities in (21) . Incidentally, in the m maos H distribution, the region above m H is less sensitive to the M T 2 cut than the region below m H . We also see clearly that the M The Higgs boson mass is taken to be 160 GeV, and we use the same event samples as in Ref. [18] .
when the trial Higgs mass is the same as the nominal one. Each template is normalized to the corresponding pseudoexperiment distribution. For the definitions of the likelihood between a pseudoexperiment data distribution and a template, and also for more on the Higgs masses and 1-σ errors obtained by fitting the log likelihood distributions, we again refer to Ref. [18] .
Empirically, the template likelihood fitting, which is used to estimate the efficiency of the Higgs mass determination in this work, provides a better result when the width of the distribution is narrower. On the other hand, compared to the peak of the distribution which is generally easier to determine, the endpoints are more vulnerable to detector smearing, backgrounds and low statistics. Even though the peak of the M (right panels) distributions for the Higgs signal and the backgrounds. We use the same detector-level event samples as in Ref. [18] , and all the event selection cuts are applied.
Our MC study shows that, generically, the background distributions for both M luminosity. In each frame, the shaded region represents the backgrounds (tt and W W ) and the event selection cuts without (upper frames) and with (lower frames) the M T 2 cut (M T 2 > 66 GeV) imposed. The Higgs boson mass is taken to be 160 GeV, and we again refer to Ref. [18] for the details.
and m maos H become flatter if we impose a stronger M T 2 cut. On the other hand, a stronger M T 2 cut causes the signal distributions to have a narrower shape (see Fig. 1 ). This behavior of the signal and background under the M T 2 cut suggests that one might be able to improve the efficiency of the Higgs mass measurement with an appropriate M T 2 cut, particularly reduce the systematic uncertainties associated with various origins such as the detector energy resolution, fit routines and poorly estimated backgrounds. As for statistical error, one needs a detailed analysis, as the improvement due to better shapes of signal and background distributions can be compensated by the reduced statistics. Indeed, for an integrated luminosity ∼ 10 fb −1 , we find (Fig. 3) that there is no appreciable improvement of the statistical error gained by the M T 2 cut, although the situation might be different at higher luminosity.
In Fig. 3 
We see that the reconstructed mass is rather close to the input one. For the sake of comparison, we have not employed an M T 2 cut in the left frame since the cut was not included in the original suggestion of the M true T variable [14] ; however, it is employed in the right frame. We observe that the efficiency of m maos H is comparable to that of M true T up to systematic errors, which are not considered in our analysis. In particular, when the M T 2 cut is employed, it is hard to say which one shows a better efficiency. Still, we note that m maos H could be a better choice when the distribution is spoiled by some unknown backgrounds beyond the SM, since the peak is less vulnerable to unknown backgrounds than the endpoint.
Measuring the Higgs boson mass in VBF
In this section, we turn to the VBF process, which is the second most important production channel of the SM Higgs boson at the LHC. The characteristic feature of the process is the existence of the two forward tagging jets with suppressed hadronic activity between them and the central Higgs decay products. Thanks to the exchanges of the colorless vector bosons in the process, these features lead to a fairly clean environment with wellisolated signal events in a low background. Therefore, the VBF process is useful to measure properties of the Higgs boson in a hadron collider environment.
The same variables introduced in the GGF process could be used to determine the Higgs boson mass in VBF, since the tagging jets provide additional information without touching the decay of the Higgs boson itself. To investigate the experimental performance of the MAOS Higgs mass at the LHC through the VBF process, we have generated MC event samples of the signal H + 2j events and the main tt background events by PYTHIA6.4 [22] . The subleading background, i.e. electroweak W W + 2j event showing a similar characteristic, has been generated using MadGraph/MadEvent [23] . The generated events have been further processed with the fast detector simulation program PGS4 [21] , which approximates an ATLAS or CMS-like detector. The PGS4 program uses a cone algorithm for jet reconstruction, with a default value of the cone size ∆R = 0.5, where ∆R is a separation in the azimuthal angle and pseudorapidity plane § . We note that the b-jet tagging efficiency is introduced as a function of the jet transverse energy and pseudorapidity, with a typical value of about 50 % in the central region for the high energy jets.
Proceeding in a similar way as in Ref. [8] , we have imposed the following basic selection cuts on the Higgs signal and the backgrounds:
• Preselection cuts
• Tag-jet conditions (forward jet tagging, leptons between jets, central jet veto)
• γ * /Z+ jets, Z → τ τ rejection § The pseudorapidity is defined as η = − ln tan(θ/2) for the angle θ between the particle momentum and the beam axis. Note that the pseudorapidity for a massless particle is equal to the rapidity defined as η =
Since the final state consists of two hard jets, two charged leptons and significant missing transverse energy, the preselection cuts should be the minimal conditions to be imposed. Specifically, we require at least two jets with p T > 20 GeV and |η| < 4.8, and two isolated, opposite-sign leptons (e or µ) with p T > 15 GeV, and |p / T | > 30 GeV. The b-jet veto is used to exclude the main tt background which contains two b jets. The tag-jet conditions should reflect the characteristic features of the VBF process: two forward tagging jets with suppressed hadronic activity between them and central Higgs decay products. In this work, we define the tagging jets as the two highest p T jets in the event while rejecting the event if they are in the same hemisphere. Explicitly, we have imposed the following tag-jet conditions. − Forward jet tagging: the two hardest jets are required to be in opposite hemispheres (η j 1 × η j 2 < 0) and to have a pseudorapidity separation |∆η j 1 j 2 | > 3.
− Leptons between jets: both leptons are required to be between the tag jets in pseudorapidity.
− Central jet veto: the event is rejected if it contains any extra jet (in addition to the two forward tagging jets) with p T > 20 GeV in the pseudorapidity region |η| < 3.2.
The last basic selection cut is to reject the Drell-Yan background involving the variable [see Eq.
(
Though the Drell-Yan background has been neglected in this work, we have included the rejection cut to see its effect on the signal and the other background events under consideration. For the Z → τ τ rejection, the di-tau invariant mass is constructed using the collinear approximation, rejecting the events with |M τ τ − m Z | < 25 GeV.
It is well known that the spin-zero nature of the Higgs boson makes two charged leptons come out in the same direction, making its opening angle in the Higgs signal smaller than that in the background; see Fig. 4 . To incorporate this spin information, in addition to the basic selections, we have further required
where ∆Φ ll and ∆η ll are the transverse opening angle and pseudorapidity gap between the charged leptons.
In the literature, the dilepton invariant mass M ll and the dijet invariant mass M jj for two tagging jets are also used for the event cut. In Fig. 5 , we show the M ll and M jj distributions for both the Higgs signal and the tt background. As in the GGF process discussed in the previous section, one might employ M T 2 as a cut variable in the VBF process also. In the Higgs signal with the two tagging jets and also in the main tt background with two With the above observations, in our event selection we have applied M ll and M jj cuts after the basic selection cuts:
Then, more refined M T 2 cuts have been introduced to reduce the number of background events further. In Tables 1 and 2 , we show how the cross sections of the signal and backgrounds change under each selection cut for m H = 160 GeV and 140 GeV, respectively. We note that one may also use the upper cut on the M sub T 2 when m H ≤ 2m W ; see the third set of cuts in Table 2 . This is because the signal distribution is bounded above by m H /2 < m W in this case. This upper cut cannot be applied when m H ≥ 2m W , as the M sub T 2 distributions of both the signal and the background have an equal maximum, m W .
In Fig. 7 together to extract maximal information on the Higgs boson mass from experimental data. However, our results in Sec. 2 imply that these two variables have a rather strong correlation, and therefore it is not likely that such an approach significantly improves the accuracy of the Higgs mass measurement.
Our study suggests that M T 2 can be a useful cut variable in the GGF process, as the signal distribution becomes narrower while the background distribution becomes flatter under an M T 2 cut. Although systematic errors are not considered in our analysis, such behavior of the signal and background distributions might be useful, particularly for reducing various systematic uncertainties in the real analysis of experimental data. In our analysis of the VBF process, M T 2 is not a particularly useful cut variable compared to others such as the dijet and dilepton invariant masses.
